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A well designed hybrid energy system can be cost effective, has a high reliability and can improve the
quality of life in remote rural areas. The economic constraints can be met, if these systems are funda-
mentally well designed, use appropriate technology and make use effective dispatch control techniques.
The first paper of this tri-series paper, presents the analysis and design of a mixed integer linear
mathematical programming model (time series) to determine the optimal operation and cost optimi-
zation for a hybrid energy generation system consisting of a photovoltaic array, biomass (fuelwood),
biogas, small/micro-hydro, a battery bank and a fossil fuel generator. The optimization is aimed at
minimizing the cost function based on demand and potential constraints. Further, mathematical models
of all other components of hybrid energy system are also developed. This is the generation mix of the
remote rural of India; it may be applied to other rural areas also.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

Hybrid Energy Systems (HES) generally integrate renewable
energy sources with fossil fuel powered diesel/petrol generator to
provide electric power where the electricity is either fed directly
into the grid or to batteries for energy storage. The role of inte-
grating renewable energy in a hybrid energy system is primarily to
save diesel fuel.

A hybrid energy system may or may not be connected to the
grid. They are generally independent of large centralized electric
grids and are used in rural remote areas. In these systems it is
possible for the individual power sources to provide different
percentages of the total load.

For systems employing totally clean renewable energy, high
capital cost is an important barrier. However, we can produce green
power by adding different renewable energy sources to diesel
generator and battery, which is also called a hybrid energy system.
This kind of system can compromise investment cost, diesel fuel
usage cost and also operation and maintenance costs.

There are generally two accepted hybrid energy system
configurations:
jc@yahoo.com (A. Gupta).

All rights reserved.
� Systems based mainly on diesel generators with renewable
energy used for reducing fuel consumption.

� Systems relying on the renewable energy source with a diesel
generator used as a back-up supply for extended periods of low
renewable energy input or high load demand.
2. Literature review

Mathematical optimization techniques which have previously
been used to optimize hybrid energy system (or remote area power
system) operation include linear programming [1], quadratic
programming [2], mixed integer non-linear programming [3],
mixed integer linear programming [4], generalized network flow
programming [5], discrete dynamic programming [6], stochastic
discrete dynamic programming [7], analytical model [8], probabi-
listic method [9], iterative method [10], and other methods [11e15].

Literature reviewalso reveals that themodellingof hybrid energy
system and their application in decentralized mode are quite
limited. Themodels developed so farmainly focus on rural areas and
not individual villages, cluster of villages, blocks, or district. Very
limited efforts are reported for block level planning and are not
based on any optimization approach. Further, attempts for devel-
oping optimum energy mix of different resources for meeting the
energy needs of the rural people are also limited [16,17].
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3. Problem formulation

From the literature, it is observed that lot of work has been
carried out for modelling of hybrid energy system. The renewable
energy resources considered under these studies are mainly solar
photovoltaic, biomass, and wind but a very little work has been
reported for the modelling of hybrid energy system involving small
hydro/micro-hydro power in combination with conventional
system.

The main objective of the study is to develop a model of hybrid
energy system with more emphasis on small hydro/micro-hydro
power with biogas power, biomass (fuelwood) power, solar
photovoltaic power as a renewable power, and battery bank, diesel
power as a conventional power for a remote rural area in cost
effective manner. The aim of this model is to identify the most
economic and appropriate power supply for electrification of
a selected remote rural area consisting cluster of villages.

Hence, in this paper, amixed integer linear programmingmodel,
which is a special type of mathematical programming model, is
developed to solve the problem of designing hybrid energy
systems.
4. Hybrid energy system configuration

The block diagram for a typical stand-alone hybrid energy
system, based on a generalized three-bus configuration is shown in
Fig. 1. The system consists of micro-hydro generator (MHG), biogas
generator (BGG), biomass (fuelwood) generator (BMG), photovol-
taic generator (PVG), battery bank storage, back-up diesel generator
(DEG), and dump load.

Provisions for the availability of both AC and DC buses are made
using electronic converters. To serve the load, electrical energy can
be produced either directly from renewable generators and diesel
generator, or indirectly from the battery bank. These relationships
are expressed in Eqs. (1.1) through (1.5).

EPVGðtÞ ¼ EPVG; LoadðtÞ þ EPVG; BATTðtÞ þ EPVG; DumpðtÞ (1.1)

EMHGðtÞ ¼ EMHG; LoadðtÞ þ EMHG; BATTðtÞ þ EMHG; DumpðtÞ (1.2)
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Fig. 1. The configuration of
EBGGðtÞ ¼ EBGG; LoadðtÞ þ EBGG; BATTðtÞ þ EBGG; DumpðtÞ (1.3)

EBMGðtÞ ¼ EBMG; LoadðtÞ þ EBMG; BATTðtÞ þ EBMG; DumpðtÞ (1.4)

EDEGðtÞ ¼ EDEG; LoadðtÞ þ EDEG; BATTðtÞ þ EDEG; DumpðtÞ (1.5)

In any hour t, the energy available to charge the battery bank (BATT)
is shown in Eq. (1.6), and the energy available from the battery to
serve the load are shown in Eq. (1.7).

EBATT;INðtÞ ¼ hCHG � hCC � �
EPVG; BATTðtÞ þ hREC �

�
EMHG; BATTðtÞ

þ EBGG; BATTðtÞ þ EBMG; BATTðtÞ þ EDEG; BATTðtÞ
��
(1.6)

EBATT; LoadðtÞ ¼ hDCHG � �
EBATT; INðtÞ

�
(1.7)

Finally, the total energy available to serve the load is written in Eq.
(1.8).

ELoadðtÞ ¼ �
EMHG; LoadðtÞ þ EBGG; LoadðtÞ þ EBMG; LoadðtÞ
þ EDEG; LoadðtÞ þ hINV � �

EPVG; LoadðtÞ þ EBATT; LoadðtÞ
��

(1.8)

where Ej(t) is the energy output from technology j, Ej,Load(t) energy
output from technology j directed to load, Ej,BATT(t) energy output
from technology j directed to battery, Ej,Dump(t) excess energyoutput
from technology j directed to dump load, EBATT,IN(t) energy input to
battery, and j stands for MHG, BGG, BMG, PVG, DEG, and BATT.
5. System component modelling

Hybrid energy system components model with general
description is described below:
5.1. Mathematical model of micro-hydro generator

The hydro power usually refers to the generation of shaft
power from falling water. The power is then used for direct
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mechanical purposes or, more frequently, for generating elec-
tricity. The theoretical electrical power generated by the micro-
hydro unit is given by

PMHGðtÞ ¼ 9:81� Q � r� h (2.1)

and the total energy in kWh in an hour t is given by

EMHGðtÞ ¼ PMHGðtÞ � hMHG (2.2)

where PMHG is the rated power, EMHG(t) hourly energy output, Q
discharge in m3/s, r density of water, h head in m, and hMHG is the
overall efficiency of micro-hydro unit.

5.2. Mathematical model of biomass generator

As an energy resource, biomass is very versatile in terms of the
variety of forms. To simplify our study, we will concentrate only on
fuelwood in this section.

A biomass gasifier based electricity generation system consists of
biomass preparation unit, biomass gasifier, gas cooling and cleaning
system, internal combustion engine suitable for operation in dual
fuel mode, and electric generator. The producer gas obtained from
fuelwood can be used to generate power using a diesel engine with
diesel as pilot fuel and producer gas as main fuel [18].

The annual delivered electricity output (EAnnual) of a biomass
gasifier energy system with rated power output of electricity
generator is dependent on its capacity utilization factor (CUF).
Assuming 21% conversion efficiency from fuelwood to electricity, it
can be modelled using the following expression [18]:

EAnnual ¼ PBMGð8760� CUFÞ (3.1)

and hourly energy output is given by

EBMGðtÞ ¼ PBMGðtÞ � hDFEG (3.2)

where PBMG is the rated power of biomass generator, EBMG(t) hourly
energy output of biomass generator, and hDFEG is the efficiency of
dual fuel engine generator.

5.3. Mathematical model of biogas generator

Biogas can be produced from livestock manure and human
sewage. A biogas based electricity generation system consists of
a digester, a biogas collection tank, internal combustion engine,
a generator as well as the piping and controls required for
successful operation. The biogas is produced in the anaerobic
digester. This biogas can be used to generate power using a diesel
engine with diesel as a pilot fuel and biogas as main fuel [19].

Assuming 27% conversion efficiency from biogas to electricity, it
can be modelled using the following expression as explained
above:

EAnnual ¼ PBGGð8760� CUFÞ (4.1)

and hourly energy output is given by

EBGGðtÞ ¼ PBGGðtÞ � hDFEG (4.2)

where PBGG is the rated power, and EBGG(t) is the hourly energy
output of biogas generator.

5.4. Mathematical model of SPV generator

Solar photovoltaic (SPV) technology involves the direct
conversion of sunlight into electricity through the use of photo-
voltaic array. The sunlight impinging on panels, i.e. irradiance
(incoming solar radiation), is measured in units W/m2. The PV
system power output (DC) has approximately a linear relationship
to the insolation. Using the solar radiation available on the tilted
surface the hourly energy output of the PV generator, can be
calculated according to the following equation [20]

EPVGðtÞ ¼ GðtÞ � A� hPVG (5.1)

where G(t) is the hourly irradiance in kWh/m2, A surface area of the
PVmodules inm2, EPVG(t) hourly energy output from PV, and hPVG is
the efficiency of PV generator.

All the energy losses in a PV generator, including connection
losses, wiring losses and other losses, are assumed to be zero. Eq.
(5.1) assumes that PV generator has a tracking system and
amaximum power point tracker (i.e. h¼ 1). It also assumes that the
temperature effects (on PV cells) are ignored.

5.5. Mathematical model of diesel generator

Conventional generators are normally diesel engines coupled to
generator. Diesel generators supply energy in one of two ways.
Either they generate only the power needed by the load (load
following), or they generate at nominal power and the surplus
energy (if any), is used to charge the battery bank. In this study,
a diesel generator of both kinds is considered. The generator model
is designed in such away that the diesel generator is always operate
between 80e100% of their kW rating, while operating in conjunc-
tion with the battery bank and other renewable generators [21].
Energy generated by diesel generator in an hour t is defined by the
following expression:

EDEGðtÞ ¼ PDEGðtÞ � hDEG (6.1)

where PDEG is the rated power, EDEG(t) is the hourly energy output,
and hDEG is the efficiency of diesel generator.

5.6. Mathematical model of rectifier

The rectifier is used to transform the surplus AC power from the
MHG, BGG, BMG, DEG to DC power of constant voltage (when the
energy generated by the hybrid energy system exceeds the load
demand). The rectifier model is given below:

EREC�OUTðtÞ ¼ EREC�INðtÞ � hREC (7.1)

EREC�INðtÞ ¼ ESUR�ACðtÞ (7.2)

at any time t,

ESUR�ACðtÞ ¼ EMHGðtÞ þ EBGGðtÞ þ EBMGðtÞ þ EDEGðtÞ � ELoadðtÞ
(7.3)

where EREC-OUT(t), EREC-IN(t) is hourly energy output and input from
rectifier respectively, ESUR-AC(t) amount of surplus energy from AC
sources, and hREC is the efficiency of rectifier.
5.7. Mathematical model of charge controller

To prevent overcharging of a battery, a charge controller is used
to sensewhen the batteries are fully charged and to stop or decrease
the amount of energy flowing from the energy source to the
batteries. The model of the charge controller is presented below:

ECC�OUTðtÞ ¼ ECC�INðtÞ � hCC (8.1)

ECC�INðtÞ ¼ EREC�OUTðtÞ þ ESUR�DCðtÞ (8.2)
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where ESUR-DC(t) is the amount of surplus energy from DC sources,
ECC-OUT(t), ECC-IN(t) is hourly energy output and input from charge
controller respectively, and hCC is charge controller efficiency.

5.8. Mathematical model of inverter

The photovoltaic generator and battery produce DC power and
thereforewhen the hybrid energy system contains an AC load, a DC/
AC conversion is required. The inverter model for photovoltaic
generator and battery bank are given below:

EPVG�INVðtÞ ¼ EPVGðtÞ � hINV (9.1)

EBATT�INVðtÞ ¼ ½ðEBATTðt � 1Þ � ELoadðtÞÞ=ðhINV � hDCHGÞ�
(9.2)

where EPVG-INV(t) is the hourly energy output from inverter (in case
of SPV), EBATT-INV(t) hourly energy output from inverter (in case of
battery), and hINV is the efficiency of inverter.
5.9. Mathematical model of battery bank

At any hour t the state of battery is related to the previous state
of charge and to the energy production and consumption situation
of the system during the time from t� 1 to t. During the charging
process, when the total output of all generators is greater than the
load demand, the available battery bank capacity at hour t can be
described by

EBATTðtÞ ¼ EBATTðt � 1Þ þ ECC�OUTðtÞ � hCHG (10.1)

On the other hand, when the load demand is greater then the
available energy generated, the battery bank is in discharging state.
Therefore, the available battery bank capacity at hour t can be
expressed as:

EBATTðtÞ ¼ EBATTðt � 1Þ � ENeededðtÞ (10.2)

ENeededðtÞ ¼ ENetloadðtÞ=ðhINV � hDCHGÞ (10.3)

where ENeeded(t) is the hourly energy needed by the load side,
ENetload(t) hourly energy of load demand, EBATT(t), EBATT (t� 1) is
energy stored in battery at hour t and t� 1 respectively, and hCHG,
hDCHG is the battery charging and discharging efficiency
respectively.

Meanwhile, the charged quantity of the battery is subject to the
following constraints:

SOCmin � SOCðtÞ � SOCmax (10.4)

The maximum value of SOC is 1, and the minimum SOC is
determined by maximum depth of discharge (DOD),

SOCmin ¼ 1� DOD (10.5)

5.10. Mathematical model of dump load

The dump energy is defined as the energy produced by the
renewable generators or diesel generator but unused when the
load does not need all the energy and the battery has reached its
maximum capacity and can not store more energy [20]. In this
study, a conventional electric water heater is assumed as dump
load. The hourly dump energy is calculated as follows:

EDumpðtÞ ¼ ECC�OUTðtÞ� ½ðEBATMAX�EBATTðt�1ÞÞ=hCHG� (11.1)

Negative results are assumed as zero dump energy.
where EDUMP(t) is total dump energy at time t, and EBATMAx is
maximum capacity of battery.
5.11. Mathematical model of load demand

The load demand determines the total energy demand, ELoad,
requested by the load model of the system for each time step in the
simulation. In this case, there are four types of electrical loads:
Household load (Lighting load, T.V., Fan, and Radio), Commercial
load (small shops lighting and floor mill), Industrial load (saw mill/
paddy huller), and Community load (Primary health centre lighting,
street lighting, school lighting). Thus, the energy demand of the
loads can be expressed as:

ELoadðtÞ ¼ EHHLðtÞ þ ECOLðtÞ þ EINLðtÞ þ ECNLðtÞ (12.1)

EHHLðtÞ ¼ ECOLðtÞ ¼ EINLðtÞ ¼ ECNLðtÞ ¼
XN
i¼1

½Pi � ti � n� (12.2)

where ELoad(t) is the total hourly load at time t, EHHL(t) hourly
household load at time t, ECOL(t) hourly commercial load at time t,
EINL(t) hourly industrial load at time t, ECNL(t) hourly community
load at time t, Pi power consumed by appliance i, ti time of appli-
ance usage, n number of devices, i type of device, and N is the
number of electric appliance used.
6. Development of model

This section describes an optimization technique developed for
the design of a hybrid energy system. The design takes into account
the unit cost of different resources based on life cycle costs. The
problem is formulated as a mixed integer linear programming
[4,22,23].

The mathematical approach is presented in a simple and useful
form directly applicable for the modelling of stand-alone hybrid
energy system for use in the remote rural areas. The input data
required, assumptions involved, and the design procedure are
clearly explained. The approach involves the minimization of a cost
function subject to a set of equality and inequality constraints.
6.1. Model assumptions

In order to state a model which is both sufficiently general and
accurate for describing all types of energy flow, we make following
assumptions and simplifications:

� We consider the system in steady state.
� We consider the steady state power, efficiency, and energy
only, no other values are used for the system description.

� The model incorporates conservation laws (e.g. conservation of
flow) but no constitutional laws (e.g. relation between voltage
and current).

� Since the electrification process is continuous, it is assumed
that the hybrid generation system operates on a 24 h a day and
therefore equipment breakdowns, planned maintenance etc.,
are not explicitly considered.

� It is assumed that the costs are additive and that there are no
perceptional changes in other factors such as plant capacity,
unit cost of different energy sources, configuration of energy
system etc.

� It is assumed that only AC appliances are used and are con-
nected to the load bus.

� A time horizon of 1 h is used throughout this study.
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� It is further assumed that the village electrical load and the
renewable sources are constantwithin eachone-hour time step.

The unit of measurement for power is kW and that for electrical
energy is kWh. It is assumed that all the system components shown
in Fig. 1 are installed at a specific site.

6.2. Objective function

The main objective function to determine the optimum cost of
a hybrid energy system is expressed as:

Minimize : TC ¼
Xdn
d¼1

X6
j¼1

X24
t¼1

h
Cj� Ejdt

i
(13.1)

where TC is the total optimized cost of providing energy for all end
uses for operation of the system, Cj cost/unit of the jth generating
unit (Rs/kWh), Ejdt optimal amount of the energy of the generating
unit j for end use in a day d, hour t for a particular month, dn is
number of days depending upon a particular month, and j is a type
of energy source.

In addition to that, the diesel engine generator is desired to be
operated under constant output with high efficiency in order to
reduce the polluting gases from the diesel engine; therefore, other
secondary objectives of the model are as follows

1. Keep the output of the diesel generator constant with high
efficiency.

2. Minimize the fuel consumption of the diesel generator.
3. Minimize the frequency of diesel generator starts/stops.
4. Maximize the utilization rate of the renewable energy sources.
6.3. Integer variable constraints

Integer variables are used for representing the operation or
otherwise of the different renewable generators, diesel generator,
and battery bank. Let XMHG, XBGG, XBMG, XPVG, XDEG, and XBATT be the
0e1 integer variables representing the decisions to select or not
select MHG, BGG, BMG, PVG, DEG, and BATT components respec-
tively, of the hybrid energy system. That is,

Xj ¼
�
1 If unit jserves the load directly
0 Otherwise

�
(13.2)

6.4. General constraints

The optimization is to be performed, enforcing a set of restric-
tions, which can be classified in the following groups:

1. Energy balance constraint: The hourly energy generation sum of
all on-line units must equal the system load demand over the
whole scheduling time range. That is

Ej; jsBATTðtÞ � EBATTðtÞ � ELoadðtÞ þ EDumpðtÞ (13.3)
where þEBATT(t), �EBATT(t) is the energy supplied and used by the
battery respectively.

2. Individual capacity constraint: The power supplied by each
generator must be less than or equal to the capacity of the unit.

PjðtÞ � Capj for all t (13.4)
3. Unit generation limits: Each generation unit has its maximum
and minimum generation limit. Therefore, in order to avoid
damages, the hourly generation of each unit must meet
constraints as follows:

Pjmin � PjðtÞ � Pjmax for all t (13.5)
4. Battery storage limits: The energy stored in batteries at any hour
t is subject to the following constraints:

EBATT min � EBATTðtÞ � EBATT max for all t (13.6)
EBATT min ¼ ð1� DODÞEBATT max (13.7)

where EBATT min, EBATT max are the minimum and maximum energy
stored in battery.

This means that the batteries should not be over discharged or
over charged at any time. That protects batteries from being
damaged.

5. Non-negativity constraints: Since electrical energy flow and
power flow cannot be negative in the solution. Hence, all the
decision variables are non-negative.

6.5. Decision variables and constraints associated with PVG

Decision variables of photovoltaic generator are Xj¼PVG, and
Ejdt,j¼PVG. The former is an integer decision variable representing
a decision to select or not select a photovoltaic generator (PVG) in
an hour t; where as the latter is a continuous decision variable
representing power generation from photovoltaic generator in day
d, and hour t of a particular month. The following equations
represent the generation characteristics of PVG. They imply that the
power generation from the PVG at any hour t can take the value at
its maximum generation capacity, if the PVG is selected.

EjdtðtÞ ¼ Ejdt; LoadðtÞ < ½GðtÞ � A� hPVG� � Xj¼PVG (13.8)

i.e.

EjdtðtÞ ¼ Ejdt; LoadðtÞ þ Ejdt; BATTðtÞ þ Ejdt; DumpðtÞ
¼ GðtÞ � A� hPVG

EjdtðtÞ ¼ Ejdt; LoadðtÞ � ½GðtÞ � A� hPVG� � Xj¼PVG (13.9)

i.e.

EjdtðtÞ ¼ Ejdt; LoadðtÞ ¼ GðtÞ � A� hPVG
6.6. Decision variables and constraints associated with MHG

Similarly, the following equations represent the generation
characteristics and constraints associated with MHG
EjdtðtÞ ¼ Ejdt; LoadðtÞ <

�
Pj¼MHGðtÞ � hMHG

�� Xj¼MHG (13.10)

i.e.
EjdtðtÞ ¼ Ejdt; LoadðtÞ þ Ejdt; BATTðtÞ þ Ejdt; DumpðtÞ

¼ Pj¼MHGðtÞ � hMHG

EjdtðtÞ ¼ Ejdt; LoadðtÞ �
�
Pj¼MHGðtÞ � hMHG

�� Xj¼MHG (13.11)

i.e.

EjdtðtÞ ¼ Ejdt; LoadðtÞ ¼ Pj¼MHGðtÞ � hMHG
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6.7. Decision variables and constraints associated with BGG

The generation characteristics and constraints associated with
BGG are given below.

EjdtðtÞ ¼ Ejdt; LoadðtÞ <
�
Pj¼BGGðtÞ � hDFEG

�� Xj¼BGG (13.12)

i.e.

EjdtðtÞ ¼ Ejdt; LoadðtÞ þ Ejdt; BATTðtÞ þ Ejdt; DumpðtÞ
¼ Pj¼BGGðtÞ � hDFEG

EjdtðtÞ ¼ Ejdt; LoadðtÞ �
�
Pj¼BGGðtÞ � hDFEG

�� Xj¼BGG (13.13)

i.e.

EjdtðtÞ ¼ Ejdt; LoadðtÞ ¼ Pj¼BGGðtÞ � hDFEG

6.8. Decision variables and constraints associated with BMG

The generation characteristics and constraints associated with
BMG are expressed as:

EjdtðtÞ ¼ Ejdt; LoadðtÞ <
�
Pj¼BMGðtÞ � hDFEG

�� Xj¼BMG (13.14)

i.e.

EjdtðtÞ ¼ Ejdt; LoadðtÞ þ Ejdt; BATTðtÞ þ Ejdt; DumpðtÞ
¼ Pj¼BMGðtÞ � hDFEG

EjdtðtÞ ¼ Ejdt; LoadðtÞ �
�
Pj¼BMGðtÞ � hDFEG

�� Xj¼BMG (13.15)

i.e.

EjdtðtÞ ¼ Ejdt; LoadðtÞ ¼ Pj¼BMGðtÞ � hDFEG

6.9. Decision variables and constraints associated with DEG

The following equations represent the generation characteris-
tics and constraints associated with DEG. They imply that the
power generation from the DEG at any hour t can take the value
zero, or any value between its minimum generation (which is
assumed to be 80% of its rated power), and its maximum generation
capacity (which is its rated power), if the DEG is selected.

EjdtðtÞ ¼ Ejdt; LoadðtÞ <
�
Pj¼DEGðtÞ � hDEG

�� Xj¼DEG (13.16)

i.e.

EjdtðtÞ ¼ Ejdt; LoadðtÞ þ Ejdt; BATTðtÞ þ Ejdt; DumpðtÞ
¼ �

0:8Pj¼DEGðtÞ;1:0Pj¼DEGðtÞ
�� hDEG

EjdtðtÞ ¼ Ejdt; LoadðtÞ �
�
Pj¼DEGðtÞ � hDEG

�� Xj¼DEG (13.17)

i.e.
EjdtðtÞ ¼ Ejdt; LoadðtÞ ¼ �

1:0Pj¼DEGðtÞ
�� hDEG

Finally, diesel generator should have time limits of operation to
reduce wear and tear.

X24
t¼1

Xj¼DEG � TDEG (13.18)

0 � TDEG � K (13.19)
where K is the maximum permissible time to operate the generator
daily and TDEG number of running hours daily.

6.10. Decision variables and constraints associated with BATT

Similarly, the generation characteristics of BATT implies that the
discharging from the battery at any hour t can take the value zero, or
any value between its minimum discharge capacity (which is
assumed to be 20% of its rated capacity), and itsmaximumdischarge
capacity (which is its battery rated capacity), if the battery is
selected, where, Pj¼BATT is the rated capacity of battery bank.

EjdtðtÞ ¼ Ejdt; LoadðtÞ <
�
Pj¼BATTðtÞ � hDCHG

�� Xj¼BATT (13.20)

i.e.

EjdtðtÞ ¼ Ejdt; LoadðtÞ=ðhINV � hDCHGÞ
¼ �

0:2Pj¼BATTðtÞ;1:0Pj¼BATTðtÞ
�� hDCHG

EjdtðtÞ ¼ Ejdt; LoadðtÞ �
�
Pj¼BATTðtÞ � hDCHG

�� Xj¼BATT (13.21)

i.e.

EjdtðtÞ ¼ 0

Lastly, in order for the system with battery to be sustained over
a long period of time, the battery SOC at the end of the day must be
greater than a percentage of its SOCmax. This study assumes 80% as
shown below:

SOCðt ¼ 24Þ � 0:8SOCmax (13.22)

7. Working of hybrid energy system optimization model

The hybrid energy system optimization model is broken down
into two parts: A simulation-performance component and an
economic-assessment component. The simulation is based on
a steady state model which, by incorporating different renewable
generators, diesel generator, battery storage, allows for a static
model (based on hourly energy balance) to be used instead of an
instantaneous operational dynamic model. The simulation-perfor-
mancemodel, embodied in a Cþþ program, takes description of the
village load, generating components, and performs an hour-by-
hour energy balance simulation where energy flows from compo-
nent to component and the village load are calculated.

7.1. The simulation-performance model

An algorithm attempts to meet hourly village loads while
attempting to maximize micro-hydro and other renewable energy
utilization and minimize use of the diesel generator.

The model calculates the maximum amount of renewable energy
available for a given hour based on the number of renewable gener-
ators available in that hour. Then by comparing the available energy
with the village’s electric needs it will meet that need, charge the
batteries, and in the event of excess capacity divert energy to a dump
load. If the renewable energy is insufficient, the model then chooses
the combination of the battery bank storage and diesel generator
which best meets the netload given component availability in that
hour. In choosingbetweenbatteryanddieselpower, themodel selects
battery storage whenever the available battery energy can meet the
entire netload. In the event there is not sufficient battery power, the
diesel generator is turned on with excess energy diverted to battery
charging and dump load. In the event that all the renewable gener-
ators, diesel generator and battery storage units are insufficient to
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meet village load, then in that case, therewill be a portion of demand
unmet (i.e. unmet energy).

7.2. The economic-assessment model

The performance model yields the generation characteristics of
the model such as total generation by renewable generators, diesel
generator and battery bank, and how much energy went direct to
village load, to charge batteries and so forth. This information is
then combined with the unit cost of system components to deter-
mine the optimum total cost of electricity. The sum of optimum cost
is then divided by the quantity of electrical energy actually deliv-
ered to the village, to calculate the optimum unit cost of electricity
(Rs/kWh) of the hybrid energy system.

8. Conclusions

Taking into consideration the scientific interest concerning the
capabilities of hybrid energy systems with energy storage to fulfill
the electrification needs of a rural remote area, a detailed mathe-
matical model of describing the operational behavior of the basic
hybrid energy system components is presented.

The proposed model employs integer linear programming to
determine the optimum unit cost and operation of the hybrid
energy system with a storage facility, using hourly, daily and
monthly load demand. The model is shown to be sufficiently
accurate. It uses the original load curves instead of the load dura-
tion curves, accurately reflecting the time dependency of the
storage operation policies over a year.

The proposed model can be used in planning studies to deter-
mine the optimum design of an autonomous hybrid energy system.
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